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Abstract

While traditional three-dimensional bioprinting technology is suitable for many tissue
engineering applications, various biomaterials and constructs call for bioprinting innovations.
There is a need for the fabrication of complex structures from reactive biomaterials as well as
heterogeneous structures with controlled material compositions. In particular, during reactive
material printing, reactive solutions/suspensions which undergo changes in rheological properties
or cytocompatibility are not printable using traditional bioprinting approaches which require all
components of bioinks to be mixed before deposition. The objective of this study is to develop

and implement an intersecting jets-based inkjet bioprinting approach, which enables voxel-



resolution printing-then-mixing for the fabrication of biological structures using reactive
materials as well as structures having a compositional gradient. Inkjetting is implemented herein
as a versatile technique to simultaneously deposit droplets of disparate materials at controlled
locations where active collision, mixing, and coalescence occur. For reactive material printing,
neural stem cell (NSC) spheres are fabricated from reactive PuraMatrix hydrogel solution and
physiological cell suspension, and cell-laden alginate structures are also printed in air directly
from reactive sodium alginate and calcium chloride solutions. For heterogeneous structure
printing, collagen sheets with a hydroxyapatite (HAP) content gradient are fabricated to
demonstrate the unique online control of material composition throughout a structure. It is
demonstrated that the proposed bioprinting approach is feasible for applications which utilize

reactive materials or require heterogeneous compositions.
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1. Introduction

The fabrication of human tissue constructs has been a technical challenge requiring
advanced manufacturing techniques. Additive manufacturing for healthcare applications, or
three-dimensional (3D) bioprinting, has made great developmental strides in recent decades and
aims to fabricate bioactive or living cellular structures'. With user-defined geometry, materials,
and cellular composition, printed biological structures offer great promise as regenerative
medicine and tissue engineering platforms for the study of disease progression and drug efficacy,

to name a few”. Furthermore, the on-demand fabrication of implantable tissues for the repair or



replacement of organs offers a viable solution to address the growing shortage of organ donors
and transplantable human organs'”.

While various materials have been utilized with bioprinting approaches, some
biomaterials ideal for tissue engineering applications are not printable using the traditional
mixing-then-printing approach, which requires all components of bioinks, including soluble
components such as matrix precursors and suspended materials such as living cells, to be mixed
before deposition. For these materials, the matrix precursor rapidly becomes unprintable due to
significant rheological changes resulting from the physiological conditions (temperature, ionic
strength, pH) required to maintain cell viability during the printing process. While the material
may be printable using cytotoxic ink formulations, the fabrication of cell laden structures
utilizing such materials is not feasible.

Generally, bioprinting approaches can be classified as droplet-based, including inkjet*”
and laser-induced forward transfer'®'" printing, or filament-based, including microextrusion'*"
and filament assembly'*">. For voxel-resolution bioprinting, droplet-based printing techniques
are often favored*™!®'® for their low cost, scalability, and high resolutionz, and reactive
solutions/suspensions may be utilized for printing-then-mixing fabrication approaches in which
droplets interact in air or on a substrate. Among various droplet-based printing techniques,
inkjetting-based mixing has been achieved by alternating printing, in which droplets are
deposited at the same location/layer sequentially with a substantial time interval between
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impacts ~, and simultaneous printing, in which droplets collide at the same location at the same

time***. Alternating printing of reactive materials has been implemented for the fabrication of
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droplet arrays with gradients in cell concentrations'®, 3D cellular hydrogel structures'”'®, and

droplets of synthesized nylon 6'°. However, alternating printing requires that deposition



locations are precisely known and controlled, such that droplets impact onto one another after a
controlled movement between printheads. This alignment may be difficult and is subject to error
and fluctuations in jet trajectory'®. While the approach is scalable, the frequent need to move
printheads between deposition locations for each deposited droplet increases the time required to
fabricate structures and may be incompatible with typically used deposition frequencies ranging
from tens to hundreds of hertz>®®. Sequential deposition may also not be suitable for printing
approaches which utilize a solution bath to crosslink and support structures during printing™®.
Due to the time between alternating ink depositions, one initially printed ink may be diluted by,
react with, or diffuse into the surrounding bath before its reactive counterpart is printed,
preventing mixing or interaction with subsequently printed material.

Simultaneous printing of reactive materials may overcome these limitations, and droplet-
based approaches have utilized the collision of reactive droplets in air to fabricate microcapsules

using inclined microdispensers®, an ultrasonic atomizer®'**

, a twin-head electrospraying system
with opposite charges™, or spray dried coaxial fluid flows**. However, the deposition location of
droplets after impact in air was not controllable, especially for spray-based techniques, such that
these approaches may not be applicable for 3D structure fabrication.

Beyond the printing of reactive materials, inkjet printing-based printing-then-mixing also
offers potential for the fabrication of structures with gradients of cells, different materials, or
growth factors throughout®. However, cellular and material spatial heterogeneity as occurs in
native tissues is yet to be achieved, as structures are typically fabricated by printing a single
bioink®™®®. Cellular heterogeneity within a structure has been demonstrated by depositing

different cell-laden solutions in discrete regions’, but this approach is limited by the drawbacks

of alternating deposition. Similarly, gradients in cell types and density have been achieved by



patterning cells® and growth factors*®*’

in two-dimensional arrays, but approaches are again
based on alternating deposition and may fall short of complete mixing of deposited materials.
Conversely, the ability to simultaneously deposit materials at varying ratios would enable online
control of material composition and facilitate the fabrication of structures with numerous
applications including flexible electronics, sensors, soft robots, and structural composites in
addition to tissue engineering®®.

The objective of this study is to develop and implement an intersecting jets-based inkjet
bioprinting approach, which enables voxel-resolution printing-then-mixing for the fabrication of
biological structures using reactive materials as well as structures having a compositional
gradient. Utilizing the proposed system, structures can be fabricated utilizing reactive
biomaterials which are not compatible with traditional bioprinting approaches. That is, materials
which undergo a loss of printability or cytocompatibility when mixed prior to deposition, as is
required by traditional printing approaches, are compatible with the proposed printing-then-
mixing approach. Additionally, the intersecting jets approach offers online voxel-level control of
the local composition of printed structures. That is, structures with compositional gradients or
arbitrarily varying material composition may be fabricated by controlling the ratio of deposited
materials at any point within a structure. It is noted that filament-based printing has been used to
fabricate 3D structures from reactive materials and with compositional gradients using active
mixing immediately prior to deposition such that the timescale of mixing is shorter than the
reaction timescale’®. However, voxel-level control of composition is not achievable and
materials which rapidly undergo changes in rheological properties or cytocompatibility may be
incompatible with the extrusion approach. The feasibility of the intersecting jets approach

proposed herein is demonstrated by printing the following structures: 1) neural stem cell (NSC)



spheres from a reactive PuraMatrix hydrogel solution and a physiological cell suspension which
are incompatible with traditional printing approaches; 2) cell-laden alginate structures from
reactive sodium alginate and calcium chloride solutions without the use of a traditional
crosslinking bath; and 3) collagen structures with a hydroxyapatite (HAP) content gradient not
readily achievable by traditional printing approaches. Since the primary goal of their fabrication
herein is to illustrate the unique biofabrication capabilities of the intersecting jets-based printing
approach, intensive biological investigation of these printed structures is not conducted in this

study.

2. Materials and Methods
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Fig. 1. (a) Printing schematic and (b) printing sequence illustrating the intersecting jets approach.
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The proposed intersecting jets approach was developed and implemented based on a
platform-assisted 3D inkjet printing setup®. As illustrated in Fig. 1, the intersecting jets printing
system had three key modules: the droplet generation module, the motion control module, and
the jet alignment module. The droplet generation module was responsible for the formation of
droplets of reactive material fluids. Herein droplets were ejected in a drop-on-demand mode®
using 120 um diameter MJ-ABL piezoelectric printheads (MicroFab, Plano, TX), with driving
voltages between + 60 and + 120 V, rise and fall times of 6 ps, dwell/echo times of 20-45 ps, and
frequencies of 30-120 Hz. Fluid back pressures were maintained using a multichannel
pneumatics controller (MicroFab, Plano, TX) to ensure proper menisci within the nozzles for
droplet formation. The motion control module coordinated the motion of the printheads and
receiving platform. During printing, the printheads were fixed relative to one another and moved
in the xy plane relative to the platform; the platform, where the printed structure was built,
provided the z-direction motion to match the layer thickness. The deposition location of droplets
was controlled by computerized movement of the printheads such that adjacent droplets formed
layers of designed shapes. For typical support bath-enabled printing®, layers were solidified as
the structure was submerged into a crosslinking and supporting solution. For printing in air,
structures were printed directly onto a receiving glass slide. Based on a computer aided design
(CAD), layers were printed on top of one another consecutively to form a 3D structure. In
particular, the printhead motion was controlled by motorized xy stages (Aerotech, Pittsburgh,
PA) and the receiving platform was lowered by a z stage (Aerotech, Pittsburgh, PA). The motion
of the xyz stages was controlled using AeroBasic and G code commands based on the designed
geometry. Printhead travel speeds ranged from 1 to 8 mm/s, and layer thickness was controlled at

25 or 50 pm.
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Fig. 2. (a) Components of the intersecting jets alignment module and time-resolved imaging of
jet intersection in air showing two droplets (b) before and (c) after collision as well as traces of

their respective paths, and (d) the deposition of intersected droplets.

The jet alignment module was designed to control the alignment and collision of
generated droplets. As shown in Fig. 1, jets from two inclined printheads, which may have
different standoff distances (%, and /) but were fixed at 5.0 mm for both printheads in this study,
and different inclination angles (a and /) but were fixed at 30 degrees for both printheads in this
study, were aligned such that droplets intersected at a deposition location at speeds of v, and vy.

For the alignment of multiple inkjet printheads, a customized goniometer-based apparatus was



designed and fabricated. As shown in Fig. 2(a), the apparatus had a frame with linear slots for
adjustment of the distances between the printheads. The printheads were mounted to goniometers
(Thorlabs, Newton, NJ), which were further mounted to rotational stages (Thorlabs, Newton,
NJ), respectively. The rotational stages controlled the rotation angle of each printhead while the
goniometers controlled the inclination angle of each printhead. The final deposition location of
each jet was determined by the combined effects of the slot, goniometer, and rotational stage
orientations. During printing, the linear slots were adjusted once to achieve the desired proximity
between printheads. The goniometers and rotational stages were then adjusted in conjunction to
align each jet as desired. A time-resolved imaging system (MicroFab, Plano, TX) was used to
observe jet orientations and ensure the collision of printed droplets. By controlling the delay
between the activation of a strobe and the generation of droplets, droplet positions were observed
during flight as illustrated in Fig. 2. Strobe delay and activation was controlled by the
multichannel waveform generator, and droplets were observed using a color camera (Sentech,
Carrollton, TX).

Typical printing operation was commenced by achieving consistent jet intersection as
observed by the time-resolved imaging system by adjusting the goniometer and rotational stage
of each printhead. With stroboscopic alignment and feedback to control jet intersection,
inconsistencies in jet trajectory are less problematic compared to sequential deposition
techniques. Figure 2(b) and (c) shows time-resolved imaging of the alignment of two intersecting
jets and the impact of droplets in air. Illuminated intersecting lines illustrate the trace of jets
using long exposure time. When consistent jet intersection was achieved, the printing substrate

was raised to the intersection height as shown in Fig. 2(d) for printing.



2.2. Printing protocol

A typical printing process involves two key phases: jet alignment and 3D printing.
During the jet alignment phase, the droplet formation conditions® for each printhead are first
tuned for the best jetting and droplet formation performance based on the rheological properties
of each reactive material fluid. Then consistent jet intersection is achieved by adjusting the
goniometer and rotational stage of each printhead. During the 3D printing phase, the deposition
location of the intersecting jets is controlled along designed paths to form a layer. As each layer
is deposited, the substrate is lowered by the vertical thickness of the printed layer. For typical
support bath-enabled inkjet bioprinting®, each printed layer on the platform is submerged into a
solution, which both crosslinks and mechanically supports the structure being printed.
Subsequent layers of the structure are then printed on top of the previous layers and again
submerged after deposition. For printing in air, printing and crosslinking occur directly on a

receiving substrate.

2.3. 3D printing applications and materials

To illustrate the feasibility of the proposed intersecting jets-based printing approach, it
was applied to the printing of reactive materials as well as the fabrication of heterogeneous
structures. For reactive material printing, neural stem cell (NSC) spheres were fabricated from a
reactive PuraMatrix hydrogel solution and a physiological cell suspension, and cell-laden
alginate structures were also printed in air directly from reactive sodium alginate and calcium
chloride solutions. For heterogeneous structure printing, collagen sheets with a hydroxyapatite
(HAP) content gradient were fabricated to demonstrate the unique online control of material

composition throughout a structure.
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2.3.1 NSC sphere printing and materials

The ability to fabricate structures from reactive materials using intersecting jets was
demonstrated by printing PuraMatrix spheres encapsulating neural stem cells (NSC). PuraMatrix
is a self-assembling peptide polymer and forms a hydrogel desirable for encapsulating NSC and
other cell lines’®>* at physiological pH. In this study, PuraMatrix was utilized to encapsulate
NSCs within spheres. PuraMatrix is not compatible with traditional single-printhead inkjet
bioprinting as it is only printable as a low viscosity acidic solution, precluding the suspension of
cells and limiting its applications for bioprinting. As such, there is a need to print NSC spheres
using the proposed intersecting jets printing approach.

DMO03-NSCs derived from human myotonic dystrophy type 1 induced pluripotent stem
(iPS) cells (Guangbin Xia’s lab, Department of Neurology, University of Florida, Gainesville,

FL) were cultured as described elsewhere.’>”*

Briefly, NSCs were maintained in Dulbecco’s
Modified Eagles Medium (DMEM) (Corning Cellgro, Manassas, VA) supplemented with 20%
Fetal Bovine Serum (FBS) (HyClone, Logan, UT) in a humidified 5% CO; incubator at 37°C,
and the culture medium was replaced every 3 days as required. To prepare NSC bioink for
printing, freshly 90% confluent flasks were washed twice with phosphate-buffered saline (PBS)
without calcium and magnesium (Corning Cellgro, Manassas, VA), and incubated with 0.25%
trypsin/EDTA (Gibco, Grand Island, NY) for 5 min at 37°C to detach the cells from the culture
flasks. 10 mL of complete cell medium was added to the cell suspension which was centrifuged
at 1,000 rpm for 5 minutes at room temperature, and the resulting pellet was resuspended in PBS
to a final concentration of 5x10° cells/mL. PBS without calcium was used as the presence of

calcium facilitates rapid formation of NSC aggregates which may clog the nozzle during

printing. PuraMatrix (Discovery Labware Inc., Bedford, MA) was diluted to a concentration of
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0.4% (w/v) using deionized (DI) water. Finally, the 5x 10° cell/mL NSC suspension was prepared
as one ink, and the 0.4% PuraMatrix solution was the other ink for fabrication. Two types of
NSC spheres (2 and 3 mm in diameter) were printed using deposition frequencies of 30 Hz for

both inks, a constant printhead travel speed of 7.2 mm/s, and a layer thickness of 25 um.

2.3.2 Alginate structure printing in air and materials

Alginate, sodium alginate in particular, is a natural polysaccharide derived from seaweed
and has been widely used as a constituent of bioink in bioprinting*”"'"""* for its wide suitability as
a versatile biomaterial.”>® Specifically, alginate can be chemically or physically modified to
have various material properties including mechanical stiffness, swelling, degradation, cell
attachment, and binding or release of bioactive molecules. For most bioprinting applications, a
cell-laden alginate solution is directly printed into a calcium chloride or multivalent cation
solution, which functions as the crosslinking as well as supporting solution as typical for support

bath-based platform-assisted printing.**'!

It has been a challenge to directly print 3D structures
from a pre-mixed alginate and calcium chloride ink whose rheological properties are
incompatible with bioprinting. For some applications, support bath-based printing is not realistic
such as for in situ wound treatment printing where it is not practical to construct a support bath
for printing locations. Fortunately, the proposed intersecting jets printing approach can be
utilized for direct 3D printing in air using separate alginate and calcium chloride solutions.

Both acellular and cell-laden alginate structures were printed in air. For acellular
structure printing, sodium alginate (Acros Organics, New Jersey, USA) was dissolved in DI

water to 0.5% (w/v) as one ink, and calcium chloride dihydrate (CaCl,*2H,0) (Sigma, St. Louis,

MO) was dissolved in DI water to 5% (w/v) as the other ink. For cellular structure printing, 0.5%
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sodium alginate was prepared in DMEM suspending NIH 3T3 mouse fibroblasts (ATCC,
Rockville, MD) at a final concentration of 5x10° cells/mL. The 3T3 suspension was prepared in
complete medium by following a protocol elsewhere.® This resulted in a 0.5% sodium alginate
and 5x10° cells/mL cellular ink while the other ink is the 5% (w/v) calcium chloride dihydrate
solution as for acellular structure printing. The droplet generation frequency for alginate
solutions (acellular and cell-laden alginate solution) was 60 Hz, while the calcium chloride
solution was deposited at 5 Hz to minimize the volume of excess fluid while ensuring complete
crosslinking of the printed alginate. The structures were printed using a 1.0 mm/s printhead

travel speed and a 25 um layer thickness.

2.3.3. Compositional gradient printing and materials

Compositional gradients are ubiquitous in living organisms, providing heterogeneous
microstructures/microenvironments to living cells of which they are composed. To illustrate the
capability to print a structure which varies spatially in material composition, the proposed
intersecting jets printing approach was implemented to fabricate a rectangular collagen sheet
containing HAP nanoparticles, the concentration of which varied along the sheet thickness. Such
sheets can be used as an interfacial structure between connective tissues, such as cartilage or
tendon, and bone to promote functional regeneration of such interfaces.

Before fabrication, the HAP particles (nanopowder, Sigma-Aldrich, St. Louis, MO) were
treated with a 1.62% (w/v) sodium citrate solution (Sigma-Aldrich, St. Louis, MO) to prevent
settling and improve printability. Particles were then suspended in DI water and excess solids
allowed to settle; the stable supernatant containing approximately 15 mg/mL citrate-treated HAP

was then used as one of the two printing inks. An acidic collagen solution (rat tail type I, BD
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Biosciences, Bedford, MA) at a concentration of 6 mg/mL was the other ink. Both of the inks
were inkjet printed onto a platform at the surface of a PBS bath, which gelled the deposited
collagen solution and encapsulated printed HAP particles. Some 5.00 x 5.00 x 0.75 mm square
sheets were designed such that a three-tiered gradient in HAP content was formed across the
thickness (0.75 mm) by adjusting the deposition rate of the HAP suspension. The droplet
generation frequency for collagen solution was 60 Hz, while the HAP suspension was printed at
2, 10, and 20 Hz to result in different HAP concentrations in the three different layers. Structures
were printed using a 3.3 mm/s printhead travel speed and a 50 um layer thickness. After
incubation for 24 hours to ensure complete gelation of the collagen component, constructs were
frozen in liquid nitrogen, fractured to expose a cross-section through the thickness, freeze dried
(FreeZone, Labconco, Kansas City, MO), and double-coated with carbon after mounting on a
scanning electron microscope (SEM) specimen stub such that the cross section was available for
imaging. The prepared samples were imaged and analyzed by energy dispersive spectroscopy

using a desktop SEM (Phenom Pro-X, Phenom-World B.V., Eindhoven, Netherlands).

2.4. Assessment of cell viability and metabolic activity

NIH 3T3 cell viability in printed alginate constructs was assessed qualitatively using
fluorescent staining and quantitatively using trypan blue exclusion. The control was the
unprinted cellular ink as prepared. For fluorescence imaging, intact printed constructs were
immersed in 100 pL. PBS containing a final concentration of 10 pg/mL Hoechst 33342
(Molecular Probes, Eugene, OR) to stain nuclei blue, a final concentration of 10 pug/mL
fluorescein diacetate (FDA) (Sigma-Aldrich, St. Louis, MO) to stain live cells green, and a final

concentration of 2 pg/mL propidium iodide (PI) (Tocris Bioscience, Bristol, UK) to stain dead
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cells red. After incubation in the dark for 5 minutes, images were captured using an EVOS FL
inverted fluorescent microscope (ThermoFisher Scientific, Waltham, MA). For trypan blue
assays, cell-laden constructs were liquefied using sterile 1.62% sodium citrate, and an aliquot of
the resulting cell suspension was mixed with trypan blue (0.4%, Sigma-Aldrich, St. Louis, MO),
which stains dead cells blue. 10 pL of this mixture was loaded on a standard hemocytometer, and
the cell viability was determined by counting live (clear) and dead (blue) cells with an EVOS XL
microscope (ThermoFisher Scientific, Waltham, MA).

Representative printed Puramatrix structures with encapsulated NSCs were transferred to
complete medium supplemented with penicillin and streptomycin (Sigma-Aldrich, St. Louis,
MO) for incubation. Fluorescent imaging was used to qualitatively assess cell viability and
morphology by immersing structures in 100 pL PBS containing a final concentration of 10
pg/mL FDA to stain live cells green. After incubation in the dark for 5 minutes, images were
captured using the EVOS FL inverted fluorescent microscope. The alamarBlue assay
(ThermoFisher Scientific, Waltham, MA ) was used to assess metabolic activity according the
manufacturer’s protocol, except the incubation period was extended to 18 hr; fluorescent
intensity data was collected 1, 2, and 3 days after printing using a microplate reader (Synergy

HT, Biotek, Winooski, VT).

3. Results and Discussion
3.1 Reactive material printing
3.1.1. NSC sphere printing
As shown in Fig. 3(a), NSCs suspended in PBS were deposited by one printhead while

the other simultaneously deposited the acidic PuraMatrix hydrogel precursor solution. Droplets
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mix and coalesce as the PuraMatrix precursor is rapidly crosslinked due to neutralization,
encapsulating the NSCs within the PuraMatrix hydrogel with minimal exposure to the acidic
environment. The PBS in the printed cell suspension aids in the gelation of the printed
PuraMatrix hydrogel in addition to providing a cytocompatible and printable environment for the
NSCs during printing. The PBS bath acts to support delicate printed structures during printing
and facilitates gelation of the PuraMatrix precursor by supplying additional ions and buffering
capacity to maintain a neutral pH. Fig. 3(c) shows a 3 mm diameter NSC sphere as printed. Fig.
3(d) shows a 2 mm diameter NSC sphere after 48 hours of incubation and FDA staining where
green fluorescence indicates living cells. Printing time was approximately 3 minutes for 2 mm

spheres and 9 minutes for 3 mm spheres.

Cells
D Ah e In situ crosslinking
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Fig. 3. (a) Intersecting jets approach for fabricating a PuraMatrix-based NSC sphere, (b)
schematic of designed geometry, (¢) 3 mm diameter sphere as printed, and (d) green fluorescent

stain showing living cells within a 2 mm diameter NSC sphere.
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In addition, disks of approximately 2 mm diameter and 1 mm thickness were fabricated
under identical printing conditions to act as representative structures for cell morphology and
metabolic activity assessment. Compared to spheres, disks offer improved nutrient diffusion
throughout and a more planar distribution of cells for imaging. Both printed spheres and disks
are found to retain their shape and are robust enough for handling over 7 days of culture. Since
printed PuraMatrix structures are difficult to disrupt or dissolve, cell-counting-based viability
tests were not attempted. Instead, NSCs are observed by fluorescent imaging to monitor the cell
morphology during an incubation period of 7 days. Fig. 4(a) shows that cells are found to spread
within the sphere during this period, indicating that the PuraMatrix structure provides a suitable
environment for NSCs. While direct viability assays were not part of this study, the progressive
changes in the cell morphology indicate that cells are alive and actively responding to their
surroundings. Cell elongation and extension as shown in the inset are essential for cell-cell
contacts and junctions which enable communication and guide tissue maturation. Over the
incubation period a shift toward elongated morphologies instead of the initial round morphology
are observed including stellate cells and long extensions between clusters. Analogous behavior
has been observed for other neural cells maintained®™*' and differentiated**** in PuraMatrix.
Additionally, metabolic activity increases as shown in Fig. 4(b) and a consistent increase is
observed for each printed construct, indicating the suitability of the printed PuraMatrix structures

for NSC culture.
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Fig. 4. (a) Fluorescent observation of printed cells with inset showing spreading after 7 days of
culture (scale bars: 250 pm for main image and 25 um for inset) and (b) normalized fluorescent

alamarBlue intensity over three days of culture (error bars represent one standard deviation, n =

4).

3.1.2. Alginate structure printing in air

The simultaneous deposition of an acellular or fibroblast-laden alginate solution and a
calcium chloride solution using intersecting jets enables the fabrication 3D structures directly in
air to facilitate in situ printing applications. As shown in Fig. 5, printed droplets mix and
coalesce on a substrate and alginate is crosslinked due to the presence of calcium cations. Due to
the deposition of the crosslinking solution, hydrogel structures can be printed directly onto a
glass slide rather than within a crosslinking bath as in previous studies.**®!! Control of the
distance between the printheads and substrate during printing is required, as jet intersection
occurs at a specified location; for this reason, the receiving glass slide was lowered by the layer
thickness as each layer was deposited. When solutions are deposited with different frequencies
(60 Hz for alginate solution and 5 Hz for calcium chloride solution), the majority of alginate
droplets being deposited do not intersect with a specific calcium droplet. However, crosslinking

still occurs due to the diffusion of calcium throughout the structures. This is a particularly
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interesting feature of this process; because droplets interact as they land on a receiving substrate,
the droplet frequencies can be adjusted independently without necessarily influencing the shape
fidelity of printed constructs. In contrast, for approaches involving mid-air droplet collisions,
every pair of droplets must be precisely coordinated to achieve the desired final trajectory and
the two jets must operate at the same frequency. Herein small amounts of excess fluid were
wicked away from structures after printing. As expected, the absence of a supporting bath limits
the achievable vertical height and complexity of printed gel structures due to their low
mechanical stiffness.

Fig. 5(b) shows a 5 mm diameter acellular alginate tubular structure with a wall thickness
around 1 mm, which was printed in 8 minutes. Fig. 5(c) illustrates connected 5 mm diameter
annular structures with living cells, which were printed in 8 minutes. The dimensions of these
constructs are suitable for organ-on-a-chip applications where small engineered constructs with
controlled heterogeneity are necessary; direct printing of such constructs in air within chambers
for more extensive cell studies may be the subject of future work. Because such chips often
include sensitive electronic and mechanical components, immersing them in a crosslinking bath

1s undesirable.
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Fig. 5. (a) Intersecting jets for 3D inkjet printing in air, (b) schematic of designed structure, (c) a

printed alginate-only tube, (d) printed cellular alginate annular structures, (e) fluorescence image

of a printed tube with FDA and Hoechst 33342 stains, (f) fluorescence image of cells with FDA
and PI stains after liquefaction for better imaging, and (g) cell viability measured immediately

after printing and over 3 days of incubation (+/- one standard deviation).

Phase contrast microscopy in the Fig. 5(c) insets clearly shows the presence of cells
within the walls of the structure. Fluorescence images in Fig. 5(d) and (e) show all cells in blue,

many living cells in green, and few dead cells in red, indicating that the fabrication process is
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mild and the vast majority of cells survive. To quantitatively evaluate the printing-induced cell
death, the cell viability was evaluated using trypan blue. Cell viabilities immediately after
printing and after 1, 2, and 3 days of incubation were 85.1%, 86.2%, 87.7%, and 86.1% without
considering the control and 90.7%, 93.9%, 94.7%, and 92.5% considering the control effect,
respectively. Such cell viability values are comparable to those reported elsewhere for inkjet
bioprinting®**, indicating that printing in air is not significantly more damaging than bath-based
printing. The initial increase is attributed to the post-printing proliferation, and the late decrease
is attributed to cell death in the interior of the relatively thick walls of printed tubes due to

limited oxygen and nutrition diffusion.

3.2. HAP compositional gradient printing

The intersecting jets approach was further used to fabricate collagen sheets with a
gradient in HAP content along the thickness direction as shown in Fig. 6. Collagen and HAP jets
intersect at the deposition location within a PBS bath, crosslinking the collagen and
encapsulating printed HAP nanoparticles. The deposition frequency of the HAP jet during the
fabrication of the lower third of the sheet was high, intermediate during the central third, and low
during the upper third. This results in layers with HAP comprising 8%, 29%, and 45% of the
total solids (HAP + collagen) by weight, effectively spanning the range of mineral density
between soft tissues (~0%) and bone (~60%).* Some excess material buildup is observed at the
periphery of printed sheets but structures largely captured their designed geometry and edge

quality is not of primary concern for this study.
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Fig. 6. (a) Intersecting jets approach for fabricating collagen sheet with a gradient in HAP
content along the thickness direction, (b) schematic of designed structure, (c) top view of printed
sheet, (d) EDS line scan location and SEM image, and (e, f) EDS results for calcium and

phosphorous content indicating a gradient of HAP.

The structure was incubated under physiological conditions for 24 hours to ensure
gelation of the collagen after printing. It was then prepared for SEM observation such that the
field of view is a cross section of the sheet in order to observe the HAP gradient. Energy
dispersive spectroscopy (EDS) was carried out using the SEM to measure the elemental
composition along a specified path drawn across the sample thickness. Based on the chemical
structure of HAP, its presence is indicated calcium (Ca) and phosphorous (P), which as shown in
Fig. 6 (e, f) varies across the thickness of the collagen structure. Due to possible HAP

sedimentation or droplet penetration during printing, the observed Ca and P concentrations

increase linearly instead of stepwise.
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4. Conclusions and future work

An intersecting jets-based inkjet printing approach has been developed and implemented
to enable voxel-resolution printing-then-mixing for the fabrication of biological structures using
reactive materials as well as structures having a compositional gradient. Two printheads are
oriented such that they deposit droplets in the same location simultaneously, where printed
solutions/suspensions actively mix and coalesce. The intersecting jets-based approach enables
the fabrication of structures using reactive materials which cannot be mixed prior to deposition.
That is, materials which undergo a loss of printability or cytocompatibility when mixed prior to
deposition, as required by traditional printing approaches, are compatible with the proposed
approach. Additionally, the intersecting jets approach offers online control of the local
composition of printed structures. That is, structures with compositional gradients or arbitrarily
varying material composition may be fabricated by controlling the ratio of deposited materials at
any point within a structure.

To demonstrate reactive material printing, spheres encapsulating NSCs have been
fabricated from a reactive PuraMatrix solution and a physiological cell suspension. Cells have
remained viable through the printing process, spread within the matrix, and exhibited increased
metabolic activity over 3 days of culture. Reactive material printing has also been utilized to
print 3D cellular structures directly in air, rather than within a typically-used crosslinking bath,
from alginate and calcium chloride solutions. The post-printing cell viability has remained above
90% over 3 days of culture, which is comparable to results reported elsewhere for inkjet
bioprinting. To demonstrate the online control of material composition throughout structures,
collagen sheets with a gradient in HAP content across their thickness have been fabricated from

a collagen solution and HAP suspension. While the geometry of each designed structure has
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been largely replicated, some imperfections have been observed. Lack of geometric fidelity is
attributed to jetting inconsistencies innate to droplet-based printing of particle/cell-laden

. 464
suspensions 647

, and resulting geometries may be improved by reducing jetting variability.
Structures generally have retained their printed shape during incubation, and significant swelling
or shrinkage has not been observed.

Future work should aim to further improve the capabilities of the intersecting jets-based
printing-then-mixing approach for the fabrication of structures using additional materials and
with more complex geometries. In particular, automatic feedback control of nozzle alignment
should be explored for robust printing implementation. High speed imaging should be used to
quantify mixing dynamics and provide insight into droplet impact, mixing, and coalescence
processes as well as the effects of printing conditions on the printing quality. Modeling and
simulation approaches may also be implemented to elucidate the fundamental impact, spread,
and mixing behavior of simultaneously deposited fluids. Regarding the application of 3D culture
of NSCs in the matrix, further biological evaluation of their differentiation potentials into mature
neurons or astrocytes will pave the way for future organoid generation. The geometric fidelity
and complexity of structures printed directly in air should be improved. Finally, the

osteoconductivity of printed HAP and collagen scaffolds and the effects of HAP gradient design

should be investigated.
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